A new land cover database of Greater Mesoamerica has been prepared using moderate resolution imaging spectroradiometer (MODIS, 500 m resolution) satellite data. Daily surface reflectance MODIS data and a suite of ancillary data were used in preparing the database by employing a decision tree classification approach. The new land cover data are an improvement over traditional advanced very high resolution radiometer (AVHRR) based land cover data in terms of both spatial and thematic details. The dominant land cover type in Greater Mesoamerica is forest (39%), followed by shrubland (30%) and cropland (22%). Country analysis shows forest as the dominant land cover type in Belize (62%), Cost Rica (52%), Guatemala (53%), Honduras (56%), Nicaragua (53%), and Panama (48%), cropland as the dominant land cover type in El Salvador (60.5%), and shrubland as the dominant land cover type in Mexico (37%). A three-step approach was used to assess the quality of the classified land cover data: (i) qualitative assessment provided good insight in identifying and correcting gross errors; (ii) correlation analysis of MODIS-and Landsat-derived land cover data revealed strong positive association for forest (r 2 = 0.88), shrubland (r 2 = 0.75), and cropland (r 2 = 0.97) but weak positive association for grassland (r 2 = 0.26); and (iii) an error matrix generated using unseen training data provided an overall accuracy of 77.3% with a Kappa coefficient of 0.73608. Overall, MODIS 500 m data and the methodology used were found to be quite useful for broad-scale land cover mapping of Greater Mesoamerica.
Introduction
Multiscale land cover mapping is needed to better understand and manage emerging environmental problems arising from local to global scales. The accelerating pace of land cover change in the world and the increasing complexity of what drives the changes present substantial problems for environmental and land management. These patterns and the apparent drivers of these changes can be quite different depending on the scale at which they are analyzed. As an extreme example, one might look at the entire Amazon rainforest and find that its rate and amount of deforestation are quite high (Skole and Tucker, 1993; INPE, 2002) . However, if the area is examined at a finer resolution, it will become apparent that much of that deforestation occurs in localized areas (e.g., deforestation arcs near roads), whereas many other areas are intact. Remotely sensed data available in various spatial resolutions ranging from metres to several kilometres can potentially be used to capture the needed information at all scales.
Advances in the quality and availability of remote sensing datasets during the late 1990s and early 21st century have opened up new opportunities for understanding environmental and land cover dynamics. As the pace of land cover change and development increases, the scientific community needs to make maximum use of this valuable new resource. Of particular interest are the possibilities of exploring multiscale and multitemporal land cover studies.
Recently available improved spatial, spectral, radiometric, geometric, and temporal resolution moderate resolution imaging spectroradiometer (MODIS) satellite data can be used to characterize and map landscapes with greater thematic, spatial, and temporal details. The MODIS 500 m resolution data are particularly relevant for regional and continental applications. The detailed information generated at this scale will help improve our understanding of how land cover change affects the atmospheric CO 2 concentrations, energy balance at the surface-atmosphere interface, habitat loss, habitat fragmentation, and the hydrological cycle (Pielke et al., 2002) . Moreover, information generated can also be used to better manage the regional landscapes.
Previous studies have demonstrated the applicability of remotely sensed data at global (DeFries and Townshend, 1994; Friedl et al., 2002; Loveland and Belward, 1998; European Commission, 2003) , regional (Tucker et al., 1985; Malingreau et al., 1995; Bartalev et al., 2003; Giri et al., 2003; Eva et al., 2004) and national-local (Vogelmann et al., 1998; Homer et al., 2002; Wessels et al., 2004) scales. These studies used either fine-or coarse-resolution satellite data primarily due to the unavailability of moderate-resolution satellite data. A host of fine-resolution satellite data, including those from the Landsat series, Systeme pour l'observation de la Terre (SPOT), and Indian Remote Sensing Satellite (IRS), provided time-series satellite data with a spatial resolution ranging from 5 to 80 m. Similarly, coarse-resolution satellite data such as those from the National Oceanic and Atmospheric Administration (NOAA) advanced very high resolution radiometer (AVHRR), with a spatial resolution of 1 km at nadir, have provided visible, near-infrared, and thermal infrared data for more than 30 years. NOAA AVHRR data were used primarily for regional and global studies, whereas Landsat, SPOT, and IRS data were used for national and subnational studies. The moderate-resolution satellite data with a spatial resolution of 250-500 m, which are suitable particularly for regional-continental applications, were not available until recently. Hence, important land cover changes occurring at regional-continental scale were not captured by coarseresolution (1 km) satellite data with reasonable accuracy and detail (Justice et al., 2002) .
The most recent land cover databases available for Mexico (Mas et al., 2002) and Mesoamerica (Jones, 2001) were produced using Landsat data. The Mesoamerican land cover data were produced by aggregating results obtained from individual countries. As expected, a number of problems were encountered during the regional aggregation. For example, national land cover data were in different formats, legends, and projection parameters, making it difficult to aggregate the data. Creation of compatible or acceptable border definitions, in terms of both locations and edge effects, was one of the major problems encountered by the project (Jones, 2001) . Additionally, data obtained from individual countries are of variable quality depending on the level of effort placed on the project and the expertise available in each country. Therefore, the regional product was found to be inconsistent across countries.
The global land cover databases prepared in the 1970s and 1980s (Olson and Watts, 1982) , Matthews, 1983; Wilson and Henderson-Sellers, 1985) are outdated and inconsistent (Townshend et al., 1991) . These datasets reflect both actual and potential land cover types assembled from diverse data sources. The AVHRR-based land cover datasets provided more consistent maps (Loveland et al., 2000; Hansen and Reed, 2000) at a spatial resolution of 1 km, but they were produced primarily for global applications. The Nature Conservancy and Boston University prepared the North American land cover using NOAA AVHRR 1 km data . However, an up-to-date, regionally consistent, and detailed land cover map prepared with moderate-resolution satellite data such as MODIS 500 m was not available for the region.
In the quest for continually improving our understanding of the present distribution of major land cover types at all scales, and recognizing that existing land cover maps are not ideal for regional applications, we have developed a new land cover database using MODIS data. This paper describes the database generated for Greater Mesoamerica. This new land cover database has a moderate spatial resolution suitable for use in defining priorities for biodiversity conservation, modeling climate change, and predicting future land cover dynamics at a regional scale.
Study area
Greater Mesoamerica, as defined here, consists of Mexico, Belize, Honduras, El Salvador, Guatemala, Nicaragua, Costa Rica, and Panama (Figure 1) . The region is one of the most highly biodiverse regions of the world. It covers less than 1% of the planet's land area but contains 7%-10% of all known forms of life and 17% of all terrestrial species (Conservation International, 2004 ). The region is also home to more than 225 migratory species (Conservation International, 2004 ). In addition, Mexico is also considered to be one of the world's megadiversity countries.
The natural ecosystems of Greater Mesoamerica range from tropical rainforest to tropical dry forests, temperate evergreen forests, semiarid woodlands-shrublands, grasslands, and mountain cloud forests. Flora and fauna from both North and South America coexist with those indigenous to Mesoamerica. However, the region is experiencing some of the highest deforestation rates in the world (Conservation International, 2004) . Illegal logging, encroachment, oil drilling and pipelines, mining, forest fires, unsustainable agriculture, and hunting are contributing to accelerating rates of land use and land cover change and loss of biodiversity in the region (World Wildlife Fund for Nature, 2004).
Data used and methodology
The MODIS instrument onboard the Terra satellite provides near-daily coverage of Earth's surface at various resolutions. MODIS is one of five sensors onboard the Terra spacecraft acquiring continuous satellite data in 36 discrete spectral bands. The spatial resolution ranges from 250 m (bands 1 and 2), to 500 m (bands 3-7), to 1000 m (bands 8-36). Near-daily global coverage of surface reflectance data is available free of charge from the Earth Observation System Data Gateway (available from http://edcimswww.cr.usgs.gov/pub/imswelcome/). The study used the first seven bands of surface reflectance daily L2G global 500 m V004 data. The first two bands, originally available at 250 m, were aggregated to 500 m. The seven spectral bands are similar to Landsat spectral bands except that the Landsat bands are slightly broader due to energy considerations.
Generally, composite data are used for regional and global land cover mapping (Loveland et al., 2000; . In the case of MODIS data, nadir bidirectional reflectance distribution function (BRDF) adjusted reflectance (NBAR) 8 day composite data at a spatial resolution of 500 m are not available. For our purpose, multitemporal daily surface reflectance data were found to be sufficient to detect major land cover types in the region. A similar approach was used by Wessels et al. (2004) to prepare land cover maps of the Greater Yellowstone Ecosystem, USA, and Para State, Brazil. The single-date data available in tiles were mosaicked for three dates: 5 February, 20 May, and 12 August 2003. Cloud-free data were selected by examining individual tiles visually. These three dates were used to capture the phonological variations of different land cover types.
Secondary data, such as the land use -land cover map of Mexico (Mas et al., 2002) , the regional ecosystems map (available from http://edcintl.cr.usgs.gov/regionalmap.html), and interpreted and raw Landsat data, provided important information sources during the selection of training areas. Additionally, elevation, slope, aspect, and ecoregion boundaries were also used as nondependent variables in the classifier.
The classification of MODIS data was performed using a supervised decision tree classifier based on a univariate decision tree (C4.5; Quinlan, 1993) algorithm. The algorithm relies on hierarchical classifiers that predict class membership by recursively partitioning the dataset into more homogenous subsets based on the reduction of deviance. The decision tree "ruleset" was generated using commercial software See5 (available from www.rulequest.com). Classification was performed using a See5 custom interface software program that runs in ERDAS Imagine (developed under contract by Earthsat Corp. for the US Geological Survey National Center for Earth Resources Observation and Science), the output of which is an ERDAS Imagine image file.
Earlier regional and global land cover initiatives used unsupervised clustering techniques (Loveland et al., 2000; Giri et al., 2003) for satellite data interpretation. The unsupervised classification is quite useful when limited ground information is available. One major drawback, however, is that the methodology is not easily repeatable. Recently, a number of studies have used the decision tree classification approach (Friedl et al., 2002; . The decision tree classification approach has several advantages over maximum likelihood classification, including the following: (i) decision trees are strictly nonparametric and do not require assumptions regarding the distributions of the input data, (ii) decision trees can handle nonlinear relations between features and classes (Friedl and Brodley, 1997) , and (iii) decision trees can handle noisy and missing data. The nonparametric attribute is particularly important for regional-and global-scale studies because the broad land cover classes of interest exhibit multimodal frequency distributions (Friedl et al., 2002) . The maximum likelihood classifier (MLC) assumes a normal distribution. Moreover, the classification accuracy of a decision tree classifier is equal to or higher than that of the MLC . Friedl et al. (1999) demonstrated that boosting, a process in which the classification algorithm concentrates on those interpretation results that are more difficult to classify, consistently increases classification accuracies by 20%-50%. The decision tree classification approach is fully automated and repeatable.
Training areas were selected using mosaicked single-date MODIS data, land cover maps produced using Landsat data, and other ancillary data including forest classification maps and city coordinates. A total of 22 000 points were selected representing at least 2000 points for each land cover type. Approximately 11% of the points were set aside as unseen test pixels to compute the confusion matrix. Individual point data represented by x, y coordinates were derived from MODIS 500 m data. Thus, each point represents 25 ha (500 m × 500 m) in area. A 3 × 3 window was used to avoid selecting isolated pixels that might have arisen due to artifacts. Postpruning was performed to generate a more generalized tree by removing branches that seemed superfluous with respect to predictive accuracy. Without pruning, the tree structure might be too detailed and may include individual pixels isolated in spectral space (Hansen et al., 2002) .
Nine land cover classes were selected for the classification. These included tropical evergreen forest, tropical deciduous forest, temperate needleleaf forest, shrubland, grassland, cropland, barren land, water bodies, and urban areas. The modified International Geosphere -Biosphere Program (IGBP) classification scheme was used for land cover class definitions ( Table 1) .
A three-step approach was used in assessing the quality of the generated land cover map. First, a qualitative assessment of the produced land cover map was performed by dividing the area into 1°× 1°cells and using a 25 pixel × 25 pixel moving window. This systematic visual assessment of classified data proved useful in identifying and correcting gross errors. Second, an error matrix was generated using the unseen training sample points. The Kappa (κ) coefficient was also computed. Third, correlation coefficients of forest, shrubland, grassland, and cropland obtained from MODIS-and Landsatderived land cover data were compared. Correlation is a bivariate measure of association of the relationship between two variables, in this case areal estimation of MODIS-and Landsat-derived land cover data, which varies from 0 (random relationship) to 1 (perfect linear relationship) or -1 (perfect negative linear relationship). It is usually expressed in terms of its square (r 2 ), interpreted as the percentage of variance explained.
Results and discussion
Figure 2 presents the land cover map of Greater Mesoamerica for the year 2003. The land cover data were developed using MODIS 500 m data and a decision tree classification approach. The map depicts nine major land cover types: tropical evergreen forest, tropical deciduous forest, temperate needleleaf forest, shrubland, grassland, cropland, barren land, water bodies, and urban areas.
The areal extent of these land cover classes is presented in Table 2 . The dominant land cover type in Greater Mesoamerica
IGBP class Description
Tropical evergreen forest Land dominated by woody vegetation with a percent cover >20% and height exceeding 2 m; almost all trees and shrubs remain green all year round; canopy is never without green foliage Tropical deciduous forest Land dominated by woody vegetation with a percent cover >20% and height exceeding 2 m; consists of broadleaf tree communities with an annual cycle of leaf-on and leaf-off periods Temperate needleleaf forest Land dominated by woody vegetation with a percent cover >20% and height exceeding 2 m; consists of needleleaf tree communities; almost all trees remain green all year; canopy is never without green foliage Shrubland Land with woody vegetation less than 2 m tall and with shrub canopy cover >10%; the shrub foliage can be either evergreen or deciduous; tree cover is less than 20% Grassland Land with herbaceous types of cover; tree and shrub cover is less than 10% Cropland Land covered with temporary crops followed by harvest and a bare soil period (e.g., single and multiple cropping systems); note that perennial woody crops will be classified as the appropriate forest or shrub land cover type Urban areas Land covered by buildings and other man-made structures Barren land Land with exposed soil, sand, rocks, or snow, and never has more than 10% vegetated cover during any time of the year Water bodies
Oceans, seas, lakes, reservoirs, and rivers; can be either freshwater or salt-water bodies is forest (39%), followed by shrubland (30%), cropland (22%), grassland (7%), barren land (1%), water bodies (1%), and urban areas and others (0.4%). Table 3 summarizes the percentage of land cover types by country. Forests are the dominant land cover type in Belize (63%), Cost Rica (52%), Guatemala (54%), Honduras (57%), Nicaragua (54%), and Panama (49%), cropland is the dominant land cover type in El Salvador (60%), and shrubland is the dominant land cover type in Mexico (37%).
Land cover mapping of Greater Mesoamerica using MODIS 500 m data has several challenges. One is to discern the boundaries between cropland and other land cover types. The spectral ambiguity of cropland was reduced by incorporating phenological variation as an independent variable in decision tree classification. Quality and quantity of training samples also helped reduce the spectral ambiguity. Similarly, the spectral separability of grassland with MODIS 500 m data of Greater Mesoamerica is poor. A major advantage of MODIS 500 m data over NOAA AVHRR data is the ability to better discriminate urban areas. Urban boundaries are reasonably well demarcated in MODIS data. We used ancillary data to refine those boundaries. Similarly, the algorithm overestimated water bodies that were corrected using the global land cover characterization (GLCC) water mask. The three-date data used in the analysis helped better discriminate tropical evergreen forest, tropical deciduous forest, and temperate needleleaf forest. Persistent cloud cover in some parts of Greater Mesoamerica, especially Costa Rica and Panama, hampered the interpretation.
Forest areas obtained from the present analysis were compared with two other estimates, namely those of the Food and Agriculture Organization of the United Nations (FAO) and the World Resources Institute (WRI) ( Table 4) . These datasets were prepared using different approaches, and slightly different forest definitions were used. Both FAO and WRI statistics are based primarily on forest inventory information provided by national governments. In some cases, inventory information was supplemented by remote sensing and other ancillary information. According to the FAO, "a forest is a land area of more than 0.5 ha, with a tree canopy cover of more than 10%, which is not primarily under agricultural or other specific nonforest land use" (Convention on Biological Diversity, 2004) . The forest definition of the WRI is similar to that of the FAO except that the tree height at maturity should also exceed 5 m. The WRI forest statistics includes both natural forests and plantations. The definition of forest used in the present analysis is presented in Table 1 . A visual comparison of the Landsat-and MODIS-derived land cover data in selected areas showed a high level of general agreement (Figure 3) . This comparison is not intended to show the level of detail depicted by MODIS and Landsat because the latter clearly provides more detailed information. The main aim is to highlight similarities at the aggregate level.
Map validation
A three-step approach was used for validating the land cover map. First, qualitative validation was performed to identify and correct gross classification errors. In doing so, the land cover map generated was visually evaluated with the help of fineresolution reference data by dividing the entire map into 1°× 1°g rids. The map was also compared with both ancillary data and Landsat images. This method is extremely useful in identifying and correcting gross errors arising from misclassification.
Second, MODIS-and Landsat-derived land cover data were compared. A representative sample of Landsat data covering Greater Mesoamerica was analyzed to produce a land cover map following the same classification legend. The Landsatderived land cover data, originally at 30 m spatial resolution, were resampled to 500 m using majority rule. A regression analysis revealed a strong positive association for forest (r 2 = 0.88), shrubland (r 2 = 0.75), and cropland (r 2 = 0.97) and a weak positive association for grassland (r 2 = 0.26). The relationship is presented in Figure 4 . This finding is similar to earlier findings by Price (2003) where MODIS and Landsat enhanced thematic mapper plus (ETM+) data were compared. Price found generally comparable results between MODIS classification and ETM+.
Third, 11% of the sample points were set aside as unseen sample points and used to compute a confusion matrix ( Table 5) . Urban areas were omitted primarily because the extent of urban areas obtained from MODIS data was refined using the GLCC mask.
An overall accuracy of 77.2% with a κ coefficient of 0.73608 was achieved. The overall accuracy provides a crude measure of accuracy. The κ coefficient is necessary to test if a land cover map is significantly better than a map generated by randomly assigning labels to areas (Congalton, 1996) . The κ coefficient indicates that the land cover map produced is 74% more accurate than a hypothetical classification obtained from a random assignment of labels.
Conclusions
A new land cover database of Greater Mesoamerica has been developed using MODIS 500 m data and a suite of ancillary data. The new land cover data are an improvement over AVHRR-based land cover characterization and mapping primarily because of improved spatial resolution from 1 km to 500 m. Thematic details have also improved. The generated land cover data are regionally consistent compared with the existing Landsat-derived land cover data. The latter, however, provide detailed information at a spatial resolution of 30 m, and it will be possible to produce regionally consistent land cover datasets in the future. A decision tree classification approach was used for the classification of satellite imageries. The training data collected from single-date MODIS composite data and a suite of ancillary data were used as a dependent variable in the decision tree classifier. Nine major land cover types were mapped. Both qualitative assessment and correlation analyses suggest a high level of correspondence between MODIS-and Landsat-derived land cover datasets. Improvement in the these problems. Even with these limitations, the results presented here demonstrate the applicability of MODIS 500 m data and the decision tree classification approach for generating improved land cover data at a regional scale. Table 5 . Confusion matrix based on unseen test sites computed automatically by decision tree classifier.
